Due to the enormous difference in the scales involved in correlating the macroscopic properties with the micro-and nano-physical mechanisms of carbon nanotube-reinforced composites, multiscale mechanics analysis is of considerable interest. A hybrid atomistic/continuum mechanics method is established in the present paper to study the deformation and fracture behaviors of carbon nanotubes (CNTs) in composites. The unit cell containing a CNT embedded in a matrix is divided in three regions, which are simulated by the atomic-potential method, the continuum method based on the modified Cauchy-Born rule, and the classical continuum mechanics, respectively. The effect of CNT interaction is taken into account via the Mori-Tanaka effective field method of micromechanics. This method not only can predict the formation of Stone-Wales (5-7-7-5) defects, but also simulate the subsequent deformation and fracture process of CNTs. It is found that the critical strain of defect nucleation in a CNT is sensitive to its chiral angle but not to its diameter. The critical strain of Stone-Wales defect formation of zigzag CNTs is nearly twice that of armchair CNTs. Due to the constraint effect of matrix, the CNTs embedded in a composite are easier to fracture in comparison with those not embedded. With the increase in the Young's modulus of the matrix, the critical breaking strain of CNTs decreases.
Introduction
Owing to the unique and superior physical and mechanical properties of carbon nanotubes (CNTs), extensive attention has been attracted on synthesis of nanotubes and their various applications, and intense research in this area is sure to continue. The Young's modulus and tensile strength of CNTs are of the orders of 1 TPa and 20 GPa, or in other words, about 5 and 100 times those of steels, respectively (Treacy et al., 1996; Yakobson and Smalley, 1997; Yu et al., 2000) . CNTs may also have very large length-to-diameter aspect ratios (say, more than 10,000). These remarkable properties are attributed to the unique quasi-one-dimensional, tubular nanostructure of CNTs. There seems to be sufficient evidences indicating that CNTs should be a very promising candidate as the ideal reinforcing fibers for advanced composites with high strength and low density, which are, evidently, of paramount interest in aeronautic and astronautic technology, automobile and many other modern industries.
Some encouraging results have been reported in the development of CNT-reinforced composites. For instance, Qian et al. (2000) reported a CNT-reinforced polystyrene with good dispersion and CNT-matrix adhesion. Using only 0.5% CNT reinforcement, the elastic modulus was improved about 40% over that of the matrix and the tensile strength was improved about 25%. Pötschke et al. (2002) investigated the electrical and rheological behaviors of polycarbonate composites reinforced by multi-walled carbon nanotubes (MWCNT). They found a rapid change in the electrical resistivity and complex viscosity at about 2% volume fraction of CNTs due to the electrical and rheological percolation associated with interactions of CNTs. Andrews et al. (1999) dispersed single-walled carbon nanotubes (SWCNT) in isotropic petroleum pitch matrices and found that the tensile strength, elastic modulus, and electrical conductivity of the composite with 5 wt% content of purified SWCNTs are enhanced by about 90%, 150%, and 340%, respectively. Recently, Ruan et al. (2003) reported that the incorporation of 1 wt% MWCNT reinforcement produces a remarkable increase in the tensile strength and elastic modulus for non-drawn UHMWPE composite films of 49.7% and 38% and, more interestingly, enhances significantly both the ductility and the strain energy absorption before fracture. However, a big difference still exists between these improvements and the expectations predicted from theoretical analysis, and there is still a long way to go to make CNT-reinforced composites with superior comprehensive properties and to achieve their extensive applications in industry. Many other studies demonstrated only modest improvement in the strength and stiffness after CNTs are incorporated into polymers (Schadler et al., 1998; Tibbetts and McHugh, 1999; Andrews et al., 1999; Ajayan et al., 2000; Vigolo et al., 2000) .
Therefore, it is of great interest to investigate experimentally and theoretically the deformation and fracture behaviors of CNT-reinforced composites at nano, micro to macro scales and to examine the factors that influence their mechanical properties (Wagner et al., 1998; Lourie et al., 1998; Lourie and Wagner 1999; Bower et al., 1999; Fisher et al., 2002; Watts and Hsu, 2003; Shi et al., 2004a, b; Buryachenko and Roy, 2005) . Wagner et al. (1998 ( ) and Lourie et al. (1998 ( , 1999 reported excellent interfaces between CNTs and polymer matrix. Qian et al. (2000) found that CNT breaking was a preferred process during cracking of CNT-reinforced films. From in situ TEM observation, Watts and Hsu (2003) found that the external force can be effectively transferred to nanotubes and that embedded CNTs delay polymer film cracking via nanotube stretching and pulling out. Recently, Xia et al. (2003) observed three reinforcing mechanisms of CNTs: crack deflection at the CNT/matrix interface, crack bridging by CNTs, and CNT pullout on the fracture surfaces. Based on shell theory, Ru (2001) studied the buckling of a double-walled CNT embedded in an elastic matrix under axial compression. Liu and Chen (2003) and Hu et al. (2005) evaluated the effective mechanical properties of CNT-reinforced composites using a nanoscale representative volume element (RVE) based on continuum mechanics and using the finite element method (FEM). Marc et al. (2003) elucidated the nature of the interaction of CNTs and matrix via molecular dynamics simulations. Odegard et al. (2003) presented a method for linking atomistic simulations of nano-structured materials to continuum models of the corresponding bulk materials. They gave a
